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Introduction. - [1] [2] [3] [4] [5] [6] [7] [8] [9] , absorption [10] [11] [12] [13] [14] , D.L.O.S. [15] ), magnetic studies [16] [17] [18] [19] [20] [21] [22] [23] as well as electrical measurements (D.L.T.S. [24] [25] [26] , O.C.T.S. [27] [28] [29] ) have been used coupled sometimes to chemical analyses (Spark Source Mass Spectroscopy, Atomic Absorption... [30] [31] [32] [33] , alternative conductivity [34] , photoconductivity and photohall [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] Krebs and Stauss [17] [18] [19] [20] [21] , Kaufmann and Schneider [16] [5, 6] does not fit with the splitting that is deduced from the E.S.R. measurements [18] and confirmed by far-infrared absorption [12] : E.S.R. shows a four levels ground state whereas the optical measurements at 0.839 eV are interpreted by a six levels ground state.
Another absorption band at 0.92 eV with a ZPL at 0.820 eV has been resolved by Clerjaud et al. [45] , and has been interpreted as the internal transition SB2 (5T2)-5Âl (SE) [50] and II-VI compounds [51, 52] .
Therefore, another interpretation must be found for the 0.839 eV line and the 0.81 eV associated band.
The 0.64 eV (and 0.68 eV) bands are related to the incorporation of Ga203 in the melt [47, 53, 54, 55] . The 1 eV band has still no reliable interpretation and finally the origin of the 0.574 eV band is not obvious.
In absorption, a transition has been related to the photoionization Cr3 + + electron in the valence band -Cr2+ [14] . As said above, a band at 0.9 eV [10] with its zero-phonon line at 0.820 eV [45] [47] and 0.7 eV for thermal activation energy at 350 K [25] . The absorption transition has not been detected.
The internai transition in Cr2+ (SB2-S Âl) has been observed at 0.820 eV in absorption [45] . The associated luminescence has not been detected yet [57] .
These results are summarized on the figure 1 [51] and the 350 K diagram is from Martin et al. [25] . 5 Al and 5B2 states are defined in [51] . been described [7] . The detection is made with a PbS cell at 200 K, the excitation with a 4 W argon laser and the sample temperature can be set between 4 and 300 K. Most of the samples came from RTC but we have studied samples from other suppliers (all of them were Bridgman grown) and also chromium diffused samples [47] . This work has led us to the following conclusions.
The 0.839 eV line intensity is related to the chromium concentration in the sample [7] . For equivalent chromium concentrations, it appears that silicon incorporation, in the melt, low enough for the sample to remain semi-insulating, increases its intensity whereas Ga203 addition seems to have no influence [54] . Our figure 2 shows that we cannot obtain a good fit. In order to fit the spectrum a gaussian band, centred at 0.76 eV, must be added. A temperature study of the 0.839 eV band clearly shows (Fig. 3 ) that the band is in fact composed of twQ distinct components. If the whole band would correspond to a phonon replica, as usual, the temperature dependence of the half width would be : where hm is the energy of the involved phonon. By fitting our results with such a law, we get (see Fig. 4 ) a phonon energy of 7.5 meV which is not compatible with the experiment : the dominant phonon has an energy of 9 meV. We have thus been led to fit all the curves of figure 3 with two gaussians centred respectively around 0.76 eV and 0.82 eV. As the figure 3 shows, we obtain good results between 60 K and 260 K. The temperature dependence of the half width that we obtain gives then a phonon energy of 9 meV for the 0.82 eV band (as expected) and of 8.5 meV for the 0.76 eV band (see Fig. 5 ).
As a conclusion, the 0.81 eV band is composed of two bands always associated, the first one has a zero phonon line and phonon replica whereas the second one is centred near 0.76 eV at 4 K and does not show any zero-phonon line. That was to be expected because the mean number of emitted phonons, deduced from the width at 0 K (68 meV) and from the phonon energy (8.5 meV), is too large. The 0.574 eV line only appears when the 0.839 eV line is very strong (high chromium concentration) and when the 0.64 eV band is almost absent. This is in agreement with Koschel et al. [2] and Yu's results [53] . The 0.574 eV line can appear with [2, 53] or without [5] the broad 0.57 eV band. The 0.574 eV line is never seen under YAG laser excitation. We think that this 0.574 eV line is related to chromium and not to another transition metal ion because the luminescence of Fe [3] , Mn [65] , V [66] , is already known and because Co and Ni doped samples that we have studied [67] figure 6 . The 0.535 eV line has already been interpreted as a local mode phonon replica of the 0.574 eV band [68] . The spectrum of figure 6 shows that the two lines have comparable shapes but their intensity ratio (-1/10) remains constant when the temperature ranges between 10 K and 40 K. This is not compatible with the statement that the 0.535 eV line is a phonon replica of the 0.574 eV line. Fig. 7 ). The order of levels that could explain, in both cases d4 and d6, the 0.839 eV line properties is from the lowest state to upper state, 'E (from 5T2), 5 A1 (from 5T 2) and 'E*.
To get the order of the orbital levels (5E, 5 Al, 5E*) that represent N-electrons states, they may be formed by starting from one electron states in C3V symmetry (Slater determinants formation and then configuration interaction). The order of the one electron levels will determine, by the excitations of the one electron configuration, the order of the N-electrons levels. d4 : Cr2 + on gallium site (Fig. 8a) . [70] .
With such an assumption, the right order of levels can be obtained for a, above e (from t2). The gives the same matricial form than used by Ham [74] for the operators associated with E and A2 representations for a doublet in cubic symmetric. This isomorphism allows us to apply Ham's theory for the E Q e problem in C3V symmetry. The main difference is that U2 belongs to the A2 representation Of C3v and hence it can be subjected to a high reduction factor p [74] .
Assuming now a strong linear coupling (L » h co in equation (5)) the vibronic energy levels are [76] and the vibronic wave functions are approximately : and ro is the frequency of the mode, v is the radial quantum number, J is the rotational quantum number (in Qa -Qb space), EJT is the Jahn-Teller Energy : L2/8nro, X, is the radial wave function centred in qo, Xj is the rotational wave function, _ and ! + )&#x3E; are the electronic wave functions obtained from 1 a and 1 b &#x3E; by an unitary transformation that separates the radial motion from the angular motion.
With that assumption (strong linear coupling) the ground state vibronic level 1 J | = 1/2 belongs to an E representation and the first excited level 1 J | 3/2 is two-fold degenerated (Ai + A2). A weak non linear coupling lifts that degeneracy and the distance between A, and A2 is called L1'. Voillot et al. [69] noticed that the 1 and J bands, corresponding to levels at 1.50 and 2.56 meV, had a rather large width and they suggested for them a vibronic origin (see Fig. 11 ). [69] and the right part represents the energy levels given by the theory. 1 and J levels are interpreted as the first two rotational vibronic levels.
The fine structure levels are fitted using the Hamiltonian H = Â' uz Sz + 11(t+ S + 2 +t-S -2), À.' =0.21 meV ; 11 = 0.006 meV.
We interpret these two levels as vibronic levels coming from the non linear coupling. The degeneracy lifting 4 ' is experimentally 1 meV. It is difficult to interpret the distance between these two levels and the ground state. The distance Li 1 between the barycentre of 1 and J and the ground state (see Fig. 11 [78] .
If we set y and il equal to zero, we obtain five equally spaced levels. The distance between two levels is Â' and, in order to fit the experiment, Â' should be close to ± 0.2 meV. The spin-orbit constant Â' is a reduced value of Â = 6 meV. rz [70] . On our assumption, the best candidate is the interstitial chromium and so the 0.535 eV line, should be the transition (see Fig. 12a ).
Cr'(C.3v) (interstitial) + hole on the coupled acceptor -Cr+(C3v) + hy = 0.535 eV.
Noticing, as Lightowlers et al. [6] did, that the ground state splitting is not very accurate we cannot afïîrm that our interpretation is the only possible. If there were only two levels, the interpretation in terms of d3 ions would stand and the 0.535 eV line would be a transition to the 4E coming from 4T 1 (see Fig. 12&#x26 ;).
The model that we have just described can be summarized by using the configuration-coordinate diagrams of the figure 12a and In GaAs we think that, apart from chromium on gallium site (isolated) which is the predominant species [58, 81] , a few other related defects could exist : (CrGa, X) complexes, interstitial chromium, (Crb X) complexes, and even chromium on arsenic site.
The existence of an interstitial chromium is coherent with the conclusion of Tuck et al. [62] who stated the possibility of an interstitial diffusion mechanism. As in silicon the interstitial diffusion mechanism is possible even at room temperature [70] , in GaAs the interstitial chromium should be mobile at low temperature. A chromium interstitial coupled with an acceptor would be in agreement with our experiments and with the results of Brozel et al. [30] 
